Abstract-This paper introduces a linear slot antenna array based on an empty substrate integrated waveguide at 28 GHz. The proposed antenna offers the advantages of reduced weight and fabrication cost as well as facilitates relatively easier integration with planar electronic components as compared to conventional slotted waveguide antenna arrays. A high gain and efficiency and low losses are major considerations which can be achieved by the proposed design when compared to the substrate integrated waveguide slot antenna array. The proposed antenna geometry suggests an operating bandwidth of 10.4% (i.e. 26.5-29.4 GHz) suitable to fulfil 5G demands with high gain performance of 11.6 dBi at 28GHz.
INTRODUCTION
The tremendous progress and advancement of wireless communication networks have augmented the demands of available bandwidth to provide high data rates for the everincreasing number of wireless users and applications. This trend has encouraged the researchers to look beyond lower frequency spectrum for future upgradation. Millimetre-wave (MMW) frequencies are anticipated as highly promising for the realization of next generation mobile networks (i.e. 5G) in order to deliver high data throughput and better coverage [1, 2] . However, there are several challenges involved in the development of such a system based on a number of factors. For instance, atmospheric attenuation and path losses become critically higher at these frequencies [3] . Also, the received signal power reduces at MMW frequencies as compared to lower frequency bands due to smaller effective aperture size of single element antenna. Therefore, in order to compensate these losses, the MMW communication systems are required to incorporate high gain antenna arrays.
The slotted waveguide antenna array could be a potential candidate due to a number of reasons such as, high gain profile, high efficiency, lesser complexity of feed system, simplicity of the structure and accurate control over the radiation pattern characteristics [4, 5] . Metallic rectangular waveguide (RWG) are extensively investigated in this regard, though limited due to its increased weight and fabrication cost. In order to deal with such issues substrate integrated waveguide (SIW) structure is developed, which depict the advantages of an ease of fabrication and high level of integration for slot antenna array [6, 7] . However, the key limitation in this scenario is the presence of dielectric which increases the losses as compare to conventional RWG, especially at higher frequencies [8] . The desired outcome would be to retain the advantages of RWG without compromising the low profile structural characteristics and low-cost fabrication suggested by SIW structures. In order to achieve this objective, a simple and low-cost structure is proposed in [9] , referred as an Empty Substrate Integrated Waveguide (ESIW). ESIW structure is constructed by creating a void or aperture of rectangular shape in the geometry of a planar substrate. Moreover, the upper and lower surfaces as well as the lateral walls are metallized to create an emptywaveguide-like geometry. The results suggest much lower losses and improved Q-factor could be achieved in the devices integrated with this novel technique as compared to the equivalent designs in SIW [9] .
In this paper, a linear antenna array with four radiating slots is designed. The purpose of this research is to designed an integrated waveguide slot antenna array and improve the radiation efficiency as compared to SIW based slot antenna array. The proposed design is evaluated based on numerical simulation.
II. PROPOSED ANTENNA DESIGN
The proposed geometry of empty substrate integrated waveguide slot antenna array at designed frequency of 28 GHz is presented in Fig. 1 . Longitudinal slots etched on the broadside of the ESIW structure interrupt the transverse current flow that excite these slots and give rise to radiation. The ESIW structure is employed on Rogers 4003 substrate (hESIW = 0.508 mm, permittivity ɛr = 3.55, and cladding thickness t = 35 μm). The design procedure for the proposed ESIW structure is thoroughly demonstrated in [10] and same parameters for Ka-band referred in [10] are implemented in this work as well. The ESIW structure has the microstrip-to-empty-waveguide transition at one end, and terminated by short-circuit at the opposite end to keep the standing waves inside, shown in Fig. 1 . Hence, standing wave slotted waveguide antenna array configuration has been achieved by this design. In order to excite the slots to maximum, these are positioned at the peaks of the standing wave current inside the guide. To achieve this, the end slot is placed at a distance of λg/4 from the short-circuit waveguide termination. To get broadside beam to the waveguide, the spacing between two consecutive slots was set to λg/2 and placed in an alternative order around the centreline of the waveguide so that all slots are fed in phase. The detailed dimensions of the 1×4 linear array are given in TABLE I. The proposed slot antenna array is designed based on the Elliot procedure [4, 5] . As it is a uniform array so all the slots are kept at a constant offset distance from the centreline of the waveguide (shown as dotted line) in Fig. 1 , resulting maximum side lobe level (SLL) of about -10 dB. Reduced levels of side lobes could be attained by adopting a non-uniform positioning of slots on either side of centreline of the waveguide. 
III. RESULTS AND DISCUSSION
The proposed antenna is designed, modelled and numerically evaluated using CST Microwave Studio software to inspect the suggested concept of introducing ESIW structure in order to introduce a new integrated slot antenna array at 28 GHz. The performance of antenna is inspected based on the Sparameters, radiation pattern, realized gain and efficiency. The obtained results based on simulations are discussed in detail in this section.
A. S-Paramters
The S11 plot of the proposed ESIW slot antenna array is provided in the Fig 2. The results show that the designed antenna offers an impedance bandwidth of 10.4% (i.e. 26.5-29.4 GHz) which is sufficient to fulfil the demands of 5G. 
B. Radiation Pattern
The simulated E-and H-plane patterns computed at 28 GHz are presented in Fig. 3 (a and b) . It is observed that the radiation profile of antenna is directed along broadside direction in both of the configurations. Also, 3D radiation pattern of the antenna array is depicted in Fig. 3 (c) . 
C. Realised Gain and Efficiency
The realised gain plot vs. frequency are provided in Fig. 4 . The results depict that the realised gain for the proposed slot antenna array is about 11.6 dBi at 28 GHz. The gain performance is consistent in the proposed range of operation. Additionally, the numerically computed radiation efficiency of the designed antenna at 28 GHz is approx. 94% which shows high matching characteristics. In this paper, a slot antenna array has been introduced based on a novel structure of ESIW. The antenna design is presented to deliver a low-loss and highly efficient performance at 28 GHz and also enhances the feasibility of practical implementation in a cost-effective way with relatively lesser complexity involved in the planar design modelling and integration. The designed antenna suggests an operating bandwidth of 10.4% (i.e. 26.5-29.4 GHz) with high gain of 11.6 dBi at 28 GHz. Based on these features the antenna is recommended as potential candidate to be incorporated in future 5G applications.
